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Electron microscopyApigenin (5,7,4′-trihydroxyﬂavone) is a cancer chemopreventive agent and a member of the family of plant
ﬂavonoids. Apigenin interaction with liposomes formed with dipalmitoylphosphatidylcholine (DPPC) was in-
vestigated by means of FTIR spectroscopy, 1H NMR and EPR techniques. Fluorescent microscopy and electron
microscopy were applied to study the apigenin effects on colon myoﬁbroblasts and human skin ﬁbroblasts.
The strong rigidifying effect of apigenin with respect to polar head groups was concluded on the basis of
the action of the ﬂavone on partition coefﬁcient of Tempo spin label between the water and lipid phases.
The ordering effect was also found in hydrophobic region at the depth monitored by 5-SASL and 16-SASL
spin labels. The inclusion of apigenin to the membrane restricted the motional freedom of polar head groups
lowering penetration of Pr3+ ions to the membranes. The 1H NMR technique supported also the restriction of
motional freedom of the membrane in the hydrophobic region, especially in the zone of CH2 groups of alkyl
chains. FTIR analysis showed that apigenin incorporates into DPPC liposomes via hydrogen bonding between
its own hydroxyl groups and lipid polar head groups in the C\O\P\O\C segment. It is also very likely that
hydroxyl groups of apigenin link with polar groups of DPPC by water bridges. Electron and ﬂuorescence
microscopic observations revealed changes in the internal membrane organization of the examined cells.
In conclusion, the changes of the structural and dynamic properties of membranes can be crucial for process-
es involving tumor suppression signal transduction pathways and cell cycle regulation.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Flavonoids are an interesting group of natural polyphenolic com-
pounds that have attracted considerable interest due to their versatile
bioactivities such as antitumour, antioxidant, antiallergic, antiproliferativee; EPR spectroscopy, electron
py, Fourier-transform infrared
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l rights reserved.and antiviral. They are able tomodulate cell signaling pathways and gene
expression. Flavonoids are also involved in cell death, carcinogenesis and
mutagenesis [1–6].
Apigenin (4′,5,7-trihydroxyﬂavone) (Fig. 1) is a cancer chemopre-
ventive agent and a member of the family of plant ﬂavonoids. It ex-
hibits extensive bioactivities such as: stimulation of gap junctional
intercellular communication (GJIC) [7], cytochrome c release to the
cytosol [3,8], free radical scavenging [9], induction of apoptosis
[3,8,10] and induction of cell cycle arrest [3,10]. It was shown that
in animal cells apigenin affects the membrane ion transport. Indeed
the activation of cystic ﬁbrosis transmembrane conductance of
regulator-mediated Cl currents in the human airway epithelium by
apigenin was observed by authors who used patch-clamp technique
[11,12]. The inﬂuence of apigenin on Cl− channels was also reported
by Caci et al. [13]. In the renal epithelial cell line A6, apigenin has
stimulated the bumetanide-sensitive Na+/K+/2Cl− cotransporter
[14].
The amphipatic character of ﬂavonoids, including apigenin, allows
them to intercalate into or bind with lipid bilayers. The ability to
Fig 1. The chemical formula of apigenin.
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medical point of view. Alteration of lipid bilayer properties may
generate multiple effects including changes in the activity of integral
proteins, in transport and in other membrane-related processes
[5,15–17].
By this time several studies have been published concerning the
inﬂuence of apigenin on membranes. Wesołowska and coauthors
have found that apigenin intercalates into phosphatidylcholine bilay-
ers [18]. Olilla and coworkers, by observing calcein release from
membrane vesicles (EPC), have shown that apigenin has induced per-
turbation of membranes [19]. The incorporation of apigenin into the
plasma membrane of L929 cells was demonstrated by the research
group of Lenne-Gouverneur et al. [20] who used ﬂuorescence investi-
gation. It was also found that apigenin is able to penetrate biological
membranes [21,22] as well as tumor cell model membranes [23].
Thus within a cell, the membranes are one of the targets for
apigenin activity. The effects of ﬂavonoids on ion channels may de-
pend on their interaction with lipid molecules that are closely associ-
ated with the peptide structures [24,25]. Moreover, many biological
effects of apigenin have been assumed to result from interactions
with the membranes. The detailed mechanism of apigenin membrane
interactions is still obscure. For this reason, using the spin label
electron paramagnetic resonance (EPR) measurements and nuclear
magnetic resonance technique (1H NMR) we decided to examine pos-
sible membrane effects of apigenin on multilamellar DPPC liposomes.
Further, Fourier-transform infrared spectroscopic investigation (FTIR)
was applied to address the problem of molecular interaction of
apigenin with membranes. Apigenin was also subjected to cell culture
of human skin ﬁbroblasts and normal colon myoﬁbroblast cells to
assess its effect on membranous structure organization.2. Materials and methods
2.1. Chemicals
Apigenin (Sigma Chemical Co., USA) dissolved in ethanol (Merck,
Germany) was used in the studies. The solution was kept in the
dark. Spin labels: 2-(14-carboxytetradecyl)-2-ethyl-4,4-dimethyl-
3-oxazolidinyloxy free radical (16-SASL), 2-(3-carboxypropyl)-4,4-
dimethyl-2-tridecyl-3-oxazolidinyloxy free radical (5-SASL),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 2,2,6,6-tetramethyl-
1-piperidinyloxy free radical (Tempo) and tris(hydroxymethyl)
aminomethane (TRIS) were purchased from Sigma Chemical Co.
Deuterium oxide (D2O) was purchased from ARMAR Chemicals Co.
(Switzerland). Spin labels were dissolved in absolute ethanol and
stored at 4 °C. All other chemicals were of the best quality available.2.2. EPR measurements of DPPC liposomes
In our study we used saturated DPPC liposomes, which resulted in
an ordered phase that was interrupted by insertion of apigenin.
Multilamellar liposomes were obtained by shaking [17,26]. The con-
centration of the lipid (DPPC) in phosphate buffer was 10−5 M, of
apigenin 5 mol% and of the spin label 1 mol% with respect to the
lipid. Dispersion of multilamellar liposomes of DPPC (73 mg/ml of
chloroform) was prepared by mixing solutions of respective com-
pounds, by evaporation of solvent, ﬁrst in a stream of nitrogen and
subsequently by vacuum (3 h). DPPC samples were hydrated with
phosphate buffer (100 mM, pH 7.4) by vigorous shaking at a temper-
ature above the main phase transition of lipid (41 °C) until optical
homogeneity of the mixture was observed. For measurements the
samples were placed in a 1.3-mm diameter capillary (Hyland Lab.
Inc) and sealed with miniseal wax. EPR spectra were recorded with
a SE/X-2547 (Radiopan, Poznań) spectrometer working at the X
band and equipped with a variable temperature-stabilizing unit
under the following conditions: modulation amplitude 5 G in the
case of spectra scanning, time constant 0.3 s, scan time 2 min, scan
range 3200–3300 G. The n-SASL spin labels are commonly used to
monitor the ﬂuidity of model membranes [27]. In the spectra, the
width of the central line (peak-to-peak central line width) (ΔHo),
an empirical parameter related to an order parameter of the alkyl
chains and the rate of alkyl motion of the spin label in a lipid core,
reﬂecting ﬂuidity of membrane, was analyzed [28]. We have also
examined the changes of partition coefﬁcient B/A using the polar
spin label Tempo. High ﬁeld EPR spectra of Tempo spin label show
two peaks: one correspondent to a relatively mobile fraction of spin
label in the water phase (A) and the fraction of spin label immobilized
within membrane (B) [17]. This parameter is connected with the
membrane ﬂuidity [29–32]. The data are presented as mean±SD
(n=3).
2.3. 1H NMR measurements of DPPC liposomes
Mixtures of phospholipids and apigenin were co-dissolved in
chloroform/ethanol mixture (55:1/v:v) at the respective concentra-
tion [26]. The lipid concentration in the sample was 3.2×10−2 M
and of the ﬂavonoid 3.2×10−4 M. The samples were ﬁrstly evaporat-
ed under a stream of nitrogen and then in vacuum (overnight). Then
the samples were hydrated with D2O (pH 7.4) and vigorously shaken
(1 h) on a shaker at the temperature above the main phase transition
of lipid (41 °C) until optical homogeneity of the mixture was ob-
served. Then the lipid suspension was sonicated in D2O with a
20 kHz sonicator to yield a homogenous lipid dispersion. Brieﬂy
before measurements 4 mM praseodymium trichloride (PrCl3) was
added to the samples of 0.6 ml vesicle suspension. 1H NMR spectra
were acquired on a Bruker Avance 300 NMR spectrometer using
5-mm probe with pulsed ﬁeld gradient capabilities. The 1H NMR pa-
rameters were as follows: spectral window 4496 Hz, digital resolu-
tion 0.274 Hz, pulse width 6.0 μs, acquisition and delay time were
1.82 s and of 1 s, respectively, and acquisition temperature 333 K.
2.4. FTIR investigation of DPPC liposomes
The concentration of the lipid was 10−5 M and of apigenin 1 mol%
[26]. Infrared absorption spectra of ﬂavonoid alone and with DPPC
liposomes as well as of pure DPPC liposomes were recorded using
the Fourier-transform infrared absorption spectrometer equipped
with the attenuated total reﬂection set-up (ATR-FTIR) [33]. The in-
strument was purged with argon for 40 min before and continuously
during measurements. In the case of DPPC liposomes the samples
were hydrated with TRIS buffer in D2O (100 mM, pH 7.4) by vigorous
shaking at the temperature above the main phase transition of lipid
(41 °C). Then the samples were deposited on the ATR crystal element
Fig. 2. The effect of apigenin on the width of the central line (ΔH0) as a function of tem-
perature of 5-doxylstearic acid (A) and 16-doxylstearic acid spin label (B) doped into
multilamellar dipalmitoylphosphatidylcholine (DPPC) liposomes. ( ) Liposomes of
DPPC with the addition of spin label at the concentration of 1 mol%. ( ) Liposomes
with apigenin at the concentration of 5 mol% and spin label at the concentration of
1 mol%. The concentration of lipid in 100 mM phosphate buffer was 10−5 M. The mea-
surements were performed at various temperatures (20 °C–52.5 °C). The spectrum
scanned at modulation amplitude 5 G.
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recorded with a Vector 33 spectrometer (Bruker, Germany). The in-
ternal reﬂection element was a ZnSe crystal (45° cut) yielding 10 in-
ternal reﬂections. Typically, 10 scans were collected, Fourier
transformed and averaged for each measurement. Absorption spectra
at a resolution of one data point every 2 cm−1 were obtained in the
region between 4000 and 400 cm−1 using a clean crystal as the back-
ground. All experiments were done at 21 °C. The spectral analysis was
performed with OPUS (Bruker, Germany) and Grams Al software
from ThermoGalactic (USA).
2.5. Cell culture
To dissolve apigenin in the growth medium a stock solution
(15 μg/ml) in dimethylsulfoxide (DMSO) was applied. This dose is a
pharmacological dose of ﬂavonoid, similar to that used in many ex-
periments concerning cells, being physiologically achievable in
humans [3,23]. Human normal colon myoﬁbroblasts CCD-18Co
(ATCC No. CRL-1459) were cultured in RPMI (1640) (Roswell Park
Memorial Institute) and DMEM (Dulbecco's Modiﬁed Eagle Medium)
(1:1) (Sigma) supplemented with 10% fetal calf serum (FSC) (Gibco
™, Paisley, UK) at 37 °C in a 5% CO2/95% air atmosphere. For ﬂuores-
cence microscopy the cells at a density of 1×106 cells/ml were seeded
on the cover slides in Leighton dishes (2 ml working volume). HSFs
[human skin ﬁbroblast cell line derived from freshly excised skin
fragments in the Department of Virology and Immunology, UMCS,
Lublin, Poland] were cultured in RPMI (1640) medium (pH 7.2)
supplemented with antibiotics (penicillin — 100 U/ml, streptomycin
— 100 μg/ml, amphotericin B — 0.25 μg/ml) (Sigma) and 10% fetal
bovine serum (FBS) (v/v) (Gibco™, Paisley, UK). The cells at a densi-
ty of 1×106 cells/ml were seeded in 5 ml (working volume) tissue
culture Falcon vessels for electron microscopy observation.
2.6. Cell viability analysis by neutral red (NR) uptake assay
NR cytotoxicity assay is based on the uptake and lysosomal accu-
mulation of the supravital dye, Neutral Red. Dead or damaged cells
do not take up the dye [34]. The cells were grown in 96-well
multiplates (CCD-18Co for 4 h, HSF for 24 h) in 100 μl of culture me-
dium with apigenin at the dose of 15 μg/ml addition. Subsequently,
the medium was discarded and 0.4% NR (Sigma) solution medium
was added to each well. The plate was being incubated for 3 h at
37 °C in a humidiﬁed 5% CO2/95% air incubator. After incubation,
the dye-containing medium was removed, the cells ﬁxed with 1% cal-
cium chloride (CaCl2) in 4% paraformaldehyde, and thereafter the in-
corporated dye was solubilized using 1% acetic acetate in 50% ethanol
solution (100 μl). The plates were being gently shaken for 20 min at
room temperature and the extracted dye absorbance was measured
spectrophotometrically at 550 nm using a microplate reader (Emax;
Molecular Devices Corp., Menlo Park, CA). Three independent exper-
iments were performed. The results were calculated as a percentage
of control, arbitrarily set to 100%.
2.7. Fluorescence microscopy
Myoﬁbroblast cells were being incubated with apigenin (15 μg/ml)
for 4 h in the dark at 37 °C. The time of incubation was chosen on the
basis of our preliminary study in which the cells had been treated
with apigenin and the changes of ﬂuorescence level and distri-
bution were noticed. The cells were stained by 1,1′-dioctadecyl-
3,3,3′,3′-tetramethylindocarbocyanine perchlorate (Vybrant DiI)
(Lonza) dissolved in growth medium (1:200/v:v). Then the cells were
being incubated at 37 °C for 15 min. For 1 ml of medium 50 μl of DIL
stock solution was used. The ﬂuorescence microscope Nikon E-800
(Japan) was applied to analyze ﬂuorescence of endoplasmic reticulum
in the cells on the cover glass. At least 100 cells in randomly selectedmicroscopic ﬁelds were observed. The data were registered in the
ﬂuorescence channel (λ=488 and 549 nm). The relative level of pixel
ﬂuorescence was measured along a chosen line passing through the
cytoplasm and nucleus using LSM5 Image Examiner software (Zeiss,
Germany).
2.8. Transmission electron microscopy
HSF cells were being incubated with apigenin at the concentration
of 15 μg/ml for 24 h. HSF cells were gently scraped off ﬂasks using a
cell scraper. Then the cells were ﬁxed in 4% glutaraldehyde in
100 mM cacodylate buffer for 2 h and in 1% osmium tetroxide for
the next 2 h, all at 4 °C. The cells were dehydrated in series of alcohol
and acetone and embedded in LR White resin. The microtome RMC
MT — XL (Tucson, AZ, USA) was applied to obtain ultrathin sections
Fig. 3. The temperature dependence of Tempo spin label partition coefﬁcient between
lipid and water phases doped into DPPC liposomes. ( ) Liposomes of DPPC with the
addition of spin label at the concentration of 1 mol%. ( ) Liposomes with apigenin at
the concentration of 5 mol% and spin label at the concentration of 1 mol%. The concen-
tration of lipid in 100 mM phosphate buffer was 10−5 M. The measurements were
performed at various temperatures (22.5 °C–52.5 °C).
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grids and contrasted with the use of uranyl acetate and Reynold's liq-
uid. For each experimental variant at least 100 cells were examined.
The samples were observed under LEO— Zeiss 912 AB electronmicro-
scope (Oberkohen, Germany).Fig. 4. 1H NMR spectra of liposomes formed with pure DPPC and DPPC with apigenin
addition in 1 mol%. PrCl3 was added to the samples before measurement. The following
parameters were determined: the full width at a half height (ν), the splitting parame-
ter of the resonance maximum corresponding to polar head groups (δ) and the Iout/Iin
ratio.3. Results
3.1. EPR investigations of DPPC liposomes
Due to the fact that the EPR spectra are strongly dependent on the
motional freedom of the free radical segment of a spin label within
molecule, spin labels are frequently applied to trace structural and
dynamic properties of lipid bilayer [26–28,30,32,35–37]. In our
study we applied spin labels doped into multilamellar DPPC lipo-
somes. The width of the central line (ΔHo) as well as the partition co-
efﬁcient was analyzed. The results showed that modiﬁcation of DPPC
liposomes with apigenin (5 mol%) had strong effect on the ﬂuidity of
hydrophobic core of the membrane at the depth monitored by
5-SASL. Apigenin induced the increase of the measured ΔHo value at
the depth penetrated by 5-SASL. The values of the width of the central
line for 5-SASL in liposomes with apigenin were generally about 0.2–
0.5 mT higher as compared to the control (Fig. 2). As it can be seen,
apigenin caused rigidifying of the membrane. The apigenin addition
into liposomes has changed the membrane structure into a more or-
dered one. The modulation of DPPC liposomes with ﬂavonoid had
also an effect on the ﬂuidity at the hydrophobic core of the membrane
at the depth monitored by 16-SASL (Fig. 2). The measured ΔHo values
for 16-SASL in liposomes modiﬁed with apigenin were generally
about 0.2–0.4 mT higher. The effect of apigenin was also observed
in the region of polar head groups penetrated by polar spin label
Tempo (Fig. 3). The high-ﬁeld EPR spectra of Tempo spin label show
two peaks: one correspondent to the relatively mobile fraction of
spin label in the water phase and the fraction of spin label im-
mobilized within the membrane [17]. Due to the fact that the parti-
tion coefﬁcient of Tempo spin label between the water and lipid
phases allows one to determine to what extent the examined ﬂavo-
noid incorporates into membrane, we have assessed membrane ﬂuid-
ity in this region by analyzing the changes of this parameter. As it can
be seen, at both temperatures (below and above the main phaseFig. 5. Infrared absorption spectra of liposomes made of pure DPPC (continuous line),
liposomes with the addition of apigenin (dashed line) and pure apigenin (upper part
of the graph). The spectra were normalized by dividing the surface beneath the band
centered at 971 cm−1, corresponding to the stretching vibration of the choline group
(νa, N+\CH3).
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hindered the penetration of Tempo spin label between the lipids due
to its own incorporation. The effect of apigenin on the head group re-
gion is not signiﬁcant in the Lβ′ (lamellar gel) phase of the membrane,
is visible in the Pβ′ (rippled gel) phase and is particularly pronounced
in the ﬂuid Lα (lamellar liquid-crystalline) phase (Fig. 3).
3.2. 1H NMR investigations of DPPC liposomes
Fig. 4 presents the 1H NMR spectrum of the DPPC liposomes and
the liposomes with addition of 1 mol% apigenin. Several bands can
be visible in the spectra, representing major molecular features of
membranes: the bands corresponding to CH3 and CH2 groups of the
hydrophobic region of the membrane as well as the bands of choline
groups from the polar head region. The suspension of the liposomes
was supplemented with PrCl3. The addition of praseodymium ions
causes the split of the 1H NMR band corresponding to the
\N+(CH3)3 group owing to the pseudocontact shifts produced by
shift reagents from the group of lanthanides (e.g. Pr3+) [38–40].
The resonance maximum shifted towards higher ppm values corre-
sponds therefore to the lipid molecules forming the outer leaﬂet of
the liposome membranes. The resonance maximum shifted towards
lower ppm values corresponds to the inner liposome surface. The
ratio of the areas under the signal assigned to the outer layer to that
assigned to the inner layer (Iout/Iin, outer to inner) is proportional to
the number of choline heads in the outer and inner layers. The small-
er liposomes become the lower number of the lipid molecules can ﬁt
the inner layer of the vesicle so the higher the ratio Iout/Iin [41].
The strong restriction of motional freedom of the membrane was
observed. The addition of apigenin to DPPC liposomes resulted in a
52% increase in the full width at a half height (ν) of the 1H NMR
line corresponding to the CH2 groups. Restriction in the motional
freedom of the membrane was also observed in the polar head
group region. The apigenin addition resulted also in a decrease in
the splitting parameter of the resonance maximum corresponding
to polar head groups (δ) by 24%. Intercalated within these groups,
apigenin, restricts the penetration of Pr3+ions into the head group
zone. Moreover, the presence of apigenin changed the Iout/Iin ratio
from 0.63 in the case of pure DPPC to 0.93 in the case of liposomes
with addition of the examined ﬂavonoid. Both ratios indicate forma-
tion of multilamellar liposomes.
3.3. FTIR investigations
Fig. 5 presents the infrared absorption spectra of DPPC mem-
branes, both pure and the one with apigenin addition. The principal
band between 2800 and 3000 cm−1 represents the C\H stretching
modes with the maxima of peaks at 2849 cm−1 and at 2916 cm−1,
corresponding to the symmetric and antisymmetric stretching in
the CH2 groups of alkyl chains, respectively, with minor contribution
from the symmetric and antisymmetric stretching vibration in CH3
groups at 2873 cm−1 and 2955 cm−1 respectively. The broad band
centered at 3358 cm−1 represents the O\H stretching in water mol-
ecules associated with the membranes via hydrogen bonds. The rela-
tively strong band centered at 1735 cm−1 corresponds to the
stretching vibrations of the ester carbonyl groups of DPPC. The scis-
soring vibrations of the CH2 groups are represented by the band at
1467 cm−1 while the relatively weak band at 1380 cm−1 represents
the umbrella deformation vibrations of the CH3 groups of alkyl chains.
The polar head group vibrations are represented by three mainFig. 6. The inﬂuence of apigenin on membranous structures of human skin cells (A) and no
micrographs of these cells oval-shaped nucleus (N) with well discernible nuclear envelope
observed. Panels D–F represent cells treated with apigenin in which multilamellar inclus
and (white arrows) and widely distributed ER with many cisternae with ribosome dispers
right hand side present ﬂuorescence intensity measured along the long diameter of the re
with apigenin. Nuclear region of the cells is illustrated between dashed lines.spectral bands: the antisymmetric stretching of the PO2− groups
(1243 cm−1), symmetric PO2− stretching (1087 cm−1) partially
overlapped with the band representing the C\O\P\O\C stretching
modes (1054 cm−1) and the band representing the antisymmetric
N+\CH3 stretching vibrations (971 cm−1).
The incorporation of apigenin resulted in dramatic changes of
the infrared absorption spectra, indicating the localization of the ﬂa-
vonoid with respect to the membrane and a type of interaction with
lipids. A relatively strong band centered at 3186 cm−1 corresponding
to the O\H stretching represents the hydroxyl groups of the ﬂavo-
noid but can also be an indication that apigenin increases the water
fraction bound to the membrane. The spectral shift of the band at
1354 cm−1, representing the C\O stretching vibrations in apigenin,
towards lower wavenumbers (to 1296 cm−1) after incorporation
into membranes, combined with a pronounced increase in the oscilla-
tor strength, supports the concept on involvement of polar groups of
the ﬂavonoid (hydroxyl groups) in water binding in the membrane
environment. The appearance of additional band at 2808 cm−1 can
be interpreted as associated with the small fraction of alkyl chains
with considerably reduced motional freedom. Alternatively, the over-
all broadening of the entire C\H stretching band may represent pen-
etration of water into the hydrophobic core of the membrane
combined with a formation of weak hydrogen bonds between water
molecules and C\H groups of alkyl chains. A spectral shift of the
band centered at 1653 cm−1, assigned to the C_O stretching, to-
wards lower frequencies (to 1630 cm−1) is observed. It can therefore
be concluded that apigenin binds to the polar zone of the membrane
via hydrogen bonding between oxygen groups of lipid and the keto
groups of the ﬂavonoid. The relatively weak band at 1554 cm−1 can
be assigned to the \C_C\ skeletal vibrations at the membrane-
bound apigenin. The most pronounced spectral effect accompanying
apigenin presence in the membranes can be observed in the spectral
region corresponding to the C\O\P\O\C vibrations: a shift to-
wards lower frequencies accompanied with considerable increase in
the oscillator strength. Such effect represents, most probably, hydro-
gen bonding between polar heads of DPPC with apigenin and indi-
cates the localization of the ﬂavonoid.
3.4. The inﬂuence of apigenin on the membranous architecture of
myoﬁbroblast cells
In the present study apigenin in the concentration of 15 μg/ml was
used. DIL is used to selectively label all intracellular membranes
[42–44]. No cytotoxicity towards the examined cells was observed.
Cell viability after 4 h of incubation was 99%±4.60. The Vybrant
DiI-cell labeling solution was added directly to culture media to uni-
formly label myoﬁbroblast cells. Control cells revealed a normal
staining pattern with high ﬂuorescence level especially in perinuclear
region (Fig. 6B, A) whereas the cells incubated with examined ﬂavo-
noid showed some disruption of the membranes. The cells incubated
with apigenin displayed lower ﬂuorescence intensity (Fig. 6B, B–C) in
comparison to control cells. At the same time ﬂuorescence around nu-
cleus as well as of the edges of the cells was also decreased when
compared to control cells (Fig. 6B, B–C).
3.5. The ultrastructure of human skin ﬁbroblast cells under the inﬂuence
of apigenin
To obtain more insight into the apigenin effect on human skin ﬁ-
broblast membranous architecture the cells were being treated withrmal colon myoﬁbroblast cells (B). (A) Control cells are represented in A–C. In electron
(arrows), prominent cisternae of RER (ER) and condensed mitochondria (arrows) are
ion, mitochondria with membrane swelling and cristaeolysis, dense bodies (arrows)
ion are visible. (B) DIL staining of normal colon myoﬁbroblast cells. The graphs on the
spective cells. Panel A represents control cells and panels B–C represent cells treated
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assay has shown that viability of the examined cells after 24 h of in-
cubation was 111%±5.91. The cells showed some changes, especially
in membranous structures, after apigenin treatment. The control cells
had typical subcellular organization (Fig. 6A, A–C). The endoplasmic
reticulum (ER) had well preserved cisternae with many ribosomes
abutted at the surfaces. The oval-shaped nuclei had homogenous
karyoplasms and well discernible membrane (Fig. 6A, A–B). The mito-
chondria were uniformly shaped and represented a condensed type
(Fig. 6A, C). The cells treated with apigenin showed some changes.
Within cytoplasm there were multilamellar inclusions (Fig. 6A, D)
as well as some dense bodies (Fig. 6A, E). Mitochondria in some cells
have shown membrane swelling and cristaeolysis (Fig. 6A, D).
Endoplasmic reticulum was widely distributed with many cisternae.
Ribosome dispersion from membranes was also noticed (Fig. 6A, F).
4. Discussion
4.1. Apigenin changes dynamic and structural properties of DPPC
liposomes
Anti-cancer dietary factors, including ﬂavonoids, are able to inter-
act with membranes to inﬂuence their properties [15,23]. The ability
to interact with membranes is strictly coupled with ﬂavonoids' hy-
drophobicity [15]. Apigenin, the subject of our study, being a poly-
phenol bears three hydroxyl groups responsible for its polarity and
expression of weak acidic properties. On the other hand it has also
an aromatic part that shows high afﬁnity toward hydrophobic envi-
ronment. Thus chemical structure (Fig. 1) of examined ﬂavonoid al-
lows to predict its localization within the lipid membrane.
In the present paper the effects of apigenin on liposomal mem-
branes (DPPC) have been studied to evaluate its interaction with
membrane lipids. EPR and 1H NMR techniques were applied that
proved to be a good tool for investigating the dynamic and structural
properties of the membranes. The EPR data (Fig. 2A) have shown that
modiﬁcation of DPPC liposomes with apigenin had strong rigidifying
effect on the hydrophobic region of the membrane adjacent to the
polar heads at the depth monitored by 5-SASL at both temperatures:
below and above the main phase transition (41 °C). To check
apigenin activity in the hydrophobic core of the lipid membrane we
employed the 16-SASL spin label (Fig. 2B). The modulation of DPPC li-
posomes with apigenin resulted in restriction of the ﬂuidity in this
deeper hydrophobic region. To test the changes of ﬂuidity in the
polar head group zone, we additionally analyzed partition coefﬁcient
of the Tempo spin label (Fig. 3). The analysis of the values of partition
coefﬁcient supported the rigidifying effect of apigenin. The 1H NMR
technique revealed also the restriction of the motional freedom of
the membrane in the hydrophobic region by apigenin. In the
apigenin-containing samples the effect of broadening of spectral
peaks, directly related to limitations of the segmental movement of
lipid molecules, was observed in the case of CH2 groups of alkyl
chains. The comparison of proton resonance in the choline group of
pure membranes and membranes with the addition of apigenin re-
vealed also the decreased motional freedom of polar head groups.
Thus our results from both the EPR and NMR techniques, showed
that apigenin partitions into the hydrophobic and polar head group
region of the membrane and causes a decrease in lipid ﬂuidity. The
ﬁndings from the current study strictly correspond to the results
reported by Lenne-Gouverneur and co-authors. Apigenin increased
the ﬂuorescence anisotropy reﬂecting the membrane ﬂuidity de-
crease. The authors had concluded that such a membrane-stabilizing
effect might contribute to the antioxidative properties of ﬂavonoids,
among them of apigenin [20]. Such membrane stabilization resulting
from ﬂavonoid treatment might reduce the motility and activity of
some peripheral enzymes. Indeed, it was shown that apigenin dem-
onstrates antioxidative properties in model liposomes. The authorsof another report, claimed that lower dipole moment and a larger de-
viation for the A to B dihedral angle from coplanarity (18.5° for
apigenin) are important for apigenin antioxidant efﬁciency in mem-
branes [45]. The NMR and EPR results of the current study provided
the evidence of apigenin as ﬂavone that restricts motility in all the re-
gions of the membrane. The results reported by Tsuchiya and co-
workers supported such an activity of apigenin [23]. Intercalation of
apigenin into membranes was observed together with the rigidifying
effect. Additionally the authors found that apigenin affected both the
hydrophobic and hydrophilic regions of the bilayer. Such behavior of
apigenin was also observed by Furusawa and coauthors in the other
study [46]. Another study [18] supported apigenin intercalation into
membranes either into the interior region or into the exterior and
close to the exterior portion of the membrane. The authors found
that apigenin intercalated into the membranes, changes their proper-
ties. Bound to phosphatidylcholine bilayers (DPPC) as judged by DSC
and ﬂuorescence spectroscopy, apigenin lowers the temperature of
the main phase transition (TM) and the enthalpy change (ΔH) in the
DPPC membranes. The consequence of the presence of apigenin in
the membranes is also an inhibition of the efﬂux of MRP1 ﬂuorescent
substrate from human erythrocytes and breast cancer cells. In agree-
ment with our results, Scheidt and coworkers, using NMR spectrosco-
py investigation, showed that distribution of ﬂavonoids within
membranes could be quite broad. The proton signals protons associ-
ated with the lipid glycerol backbone and a few upper groups of
lipid acyl chains were affected the most.
[47].
4.2. Molecular interaction of apigenin with lipids
In spite of such extensive studies concerning the inﬂuence of
apigenin on lipid model membranes with the usage of many tech-
niques, the molecular nature of apigenin–lipid interaction was not re-
vealed. In order to address the problem of intercalation of apigenin
into lipid membrane we applied FTIR spectroscopic investigation.
Fig. 5 presents the IR absorption spectra of the DPPC membrane and
DPPC–apigenin mixtures in different spectral regions. The most pro-
nounced spectral effect is observed in the spectral region correspond-
ing to the C\O\P\O\C (1054 cm−1) vibration. The ﬁnding from
this investigation shows that apigenin incorporates into DPPC via hy-
drogen bonding with the polar heads of DPPC. In line with our results
Erlejman and coauthors suggested that the formation of hydrogen
bonds between polar head groups of membrane lipids and OH groups
of ﬂavonoids is crucial for the interaction of ﬂavonoids at the water–
lipid interface [48]. Similar conclusions were drawn previously by
Oteiza et al. [49]. They have studied bilayers composed of brain phos-
phatidylcholine and phosphatidylserine and suggested that interac-
tion of ﬂavonoids probably happens through hydrogen bond
formation between the hydroxyl group of ﬂavonoids and the polar
head groups of the membrane lipids [49]. This is also supported by
the chromatographic studies where the strong interaction between
ﬂavonoid and DPPC membrane interface was shown. The authors in-
dicated for hydrogen linkages involvement in interaction between
the polar groups of the lipid molecules and ﬂavonoid's hydroxyl
groups at the lipid/water interface [19]. The ﬁndings from the current
study strictly correspond to our previous study where FTIR spectros-
copy was applied. We found a wide distribution of genistein, isoﬂa-
vone, within the DPPC membranes with a maximum in the upper
region of the membrane [26].
Considering the problem of incorporation of ﬂavonoids into mem-
branes it should be remembered that pH strongly affects such interca-
lation. Partitioning between the polar and the non-polar phase of
DPPC membranes is coupled to a protonation degree of the examined
compounds [19]. In the work of Favaro and coworkers apigenin was
investigated by absorption and emission spectroscopy. The authors
have shown that apigenin undergoes deprotonation dependent on
Fig. 7. Diagram of the expected arrangement of apigenin with respect to lipid in a membrane (the displayed hydrogen bonds' length is not in the true scale) (A) apigenin molecule
and (B) DPPC. Apigenin creates hydrogen bonds between segments of DPPC and oxygen from positions 7 and 5.
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form whereas when pH increases (between pH 7 and 8) it exists in
the monoanionic form. Under such circumstances the reaction site
of the ﬂavonoid can be restricted to the hydrophilic domain of the
membrane. Thus, the ﬁndings from our experiment are in line with
literature data [48,49] reporting the preferential localization of poly-
phenols in the polar zone of the membrane.
Another effect (observed in Fig. 5) concerning the band at
1354 cm−1 supports the concept of the involvement of apigenin's
hydroxyl groups in water binding in the membrane environment. It
is very likely that water bridges link additionally the polar groups
of DPPC, including the phosphate group, with the hydroxyl groups
of apigenin. One can also not exclude binding of apigenin via hydro-
gen bonding between the keto groups of a ﬂavonoid and oxygen
groups of lipid. The proposed assignments are in line with literature
data [51] pointing to the interaction by hydroxyl groups via hydro-
gen bonds after the authors had observed the spectral shift towards
lower frequencies. Our FTIR data indicate also apigenin intercalation
into acyl chain region that is coupled with reduced motional
freedom.
Our EPR as well as 1H NMR data support also such activity and loca-
tion of apigenin within the DPPC membranes. In agreement with ourresults, Wesołowska and coworkers, using ﬂuorescence spectroscopy
investigation of DPPC membranes, showed that apigenin is inserted
not only into the shallow region of the membrane that is near the
polar heads, but also into the deeper regions [18]. In line with these ob-
servations are the data obtained by Pampel and coauthors, who
suggested that the amplitude of transverse motion of the ﬂavonoids is
rather big within the membrane and that there is no explicit binding
site for ﬂavonoids. These natural compounds show dynamic penetra-
tion of different regions of the membrane. This was conﬁrmed by the
pulse ﬁeld gradient NMR (PFGNMR) [52]. Our data showed a broad dis-
tribution of apigenin in the membranes but the highest afﬁnity on the
part of apigenin occurs to the polar head group region and directly
below the head group. In agreementwith our results, Scheidt and coau-
thors found a broad distribution of ﬂavonoids along themembranewith
a maximum in the lipid/water interface. Using the high-resolution
magic angle spinning NMR spectroscopy and monounsaturated
(POPC) model membranes this group has indicated at lipid glycerol
backbone and few upper groups of acyl chains as the most affected re-
gion, in terms of ﬂvaonoid's distribution [47]. The data presented in
this study showed that apigenin is preferentially located in the upper
part of the DPPC membrane that can be deﬁned as a quite broad region
of themembrane that contains upper chain/glycerol/headgroup (Fig. 7).
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ﬂavonoids because of their hydrogen bonded and complex electrostatic
structure. It could incorporate also into deeper regions of membranes.
4.3. Apigenin affects human skin ﬁbroblast cells and colon myoﬁbroblast
cells
In ultrastructural and ﬂuorescent microscopic observation the
changes in internal membrane organization of the cells were noticed.
In ultrastructural studies the changes in the endoplasmic reticulum
were noted. The presence of multilamellar inclusions, dense bodies,
and the changes in the inner mitochondrial membrane organization
and in nuclear envelope was also observed. The perinuclear region
is abundant with endoplasmic reticulum, that is the place where,
we found the apigenin effect on the architecture of ER. The cytoplas-
mic organelles are also located there. It seems that apigenin incorpo-
rated into these elements can modify their structures. EPR, NMR and
FTIR data of current investigation provided evidence for apigenin lo-
calization within membranes. Apigenin intercalates into lipid mem-
branes and alters their properties. The aftermath of such behavior
are the changes in activities of these cells. It was shown that apigenin
treatment of human ﬁbroblast cells resulted in G1 cell-cycle arrest
and inhibition of cdk2 kinase activity [53].
5. Conclusions
Concluding therefore, we further characterized the activity of the
chemopreventive bioﬂavonoid apigenin on membranes. The changes
of ﬂuidity of the membranes by anti-cancer dietary factors, such as
apigenin, are possibly of a big importance to the growth inhibition of
tumor cells. Available evidence showed that apigenin rigidiﬁed the
tumor cell model membranes made of cholesterol (20 mol%) plus
phosphatidylcholine (80 mol%) in the hydrophobic region and in
consequence inhibited the growth of the melanoma cells [46,54].
Our results, when taken together with the previously published
ones, indicated that apigenin exerts its effect on the membranes and
the changes induced by it could be crucial to processes involving sig-
nal transduction pathways, cell cycle regulation or tumor suppression.
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